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Abstract: Data physicalization is a growing research field that focuses on data representation and communication through the geometry or materials of physical objects.
As part of this paper, we aim to contribute to the design-centric physicalization research by presenting a systematic literature review on the topic. We have identified
and included in the review 163 published and peer-reviewed conference papers and
journal articles with primary data on physicalization artifacts. We have analyzed the
sources from the point of view of conceptual and practical design elements. The results
provide an insight into the state-of-the art research on design elements in data physicalization. This review is especially relevant for design and art researchers interested
in the field of physicalizations.
Keywords: data physicalization; data visualization; data Sculpture; physical visualization

1. Introduction
Exposure to data has become prevalent in today’s world regardless of one’s educational
background or career. The advantages and challenges of data communication, accessibility
and representation is researched across a variety of disciplines. As part of this review, we are
interested specifically in the growing field of data physicalization. The physicalization field
has contributed new knowledge and continues to research insights on both the advantages
of physical data representations (Jansen et al., 2013; Ren & Hornecker, 2021; Stusak et al.,
2015), as well as the unique qualitative experiences that they provide to the audience
through their physical design (Boem & Iwata, 2018; López García & Hornecker, 2021; Weiler
& Fowler, 2018). In this paper, we aim to contribute to the growing design-centric research
of data physicalization by providing a systematic literature review to identify the design elements used in this field of research.
This work is licensed under a Creative Commons Attribution-NonCommercial
4.0 International Licence.
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Physical objects have been utilized to represent data throughout history and across societies, from over 7,000-year-old Sumerian clay tokens to 19th century educational models in
science (Jansen et al., 2015). The research area of data physicalization aims to provide a platform both for a historical overview as well as future exploration of physical data visualizations (Jansen et al., 2015). Jansen et al. (2015) have defined data physicalization as “a physical artifact whose geometry or material properties encode data”. The term physical visualization can be used as a synonym (Dragicevic et al., 2021). As part of this paper, we have also
considered and reviewed publications with additional nomenclatures whose concepts significantly overlap with the aforementioned data physicalization definition. For example, data
sculptures (Zhao & Vande Moere, 2008), which are on the artistic end of the physicalization
spectrum (Dragicevic et al., 2021), data materialization (Beghelli et al., 2019; Starrett et al.,
2018), data manifestation (Von Ompteda, 2019), data edibilization (Wang et al., 2016) or
data objects (Sosa et al., 2018; Zhu et al., 2015).
Data physicalization is closely related to the field of human-computer interaction, including
tangible user interfaces (TUIs), as well as ambient and shape-shifting displays, however physicalizations differ from these fields by focusing exclusively on data communication and representation tasks (Dragicevic et al., 2021). For example, the developed tangible user interface in Zheng et al. (2020) or the swarm user interface in Le Goc et al. (2016, 2019) that were
made for data exploration and communication. The physicalization field also builds upon the
research across disciplines on advantages of learning with physical objects (Dragicevic et al.,
2021). For example, constructive visualizations use simple physical building blocks to democratize making of data representations (Huron, Carpendale, et al., 2014). In Huron, Jansen, et
al. (2014) construction of a visualization with wooden tokens has assisted participants with
data understanding, while in Panagiotidou et al. (2020) the self-produced conference badges
have shown to support creativity and reflection.
Bhargava and D’Ignazio (2017) argue that making of three-dimensional data artifacts is especially suited for introducing non-experts to data. As such, physicalizations have also been
employed in group educational settings, for example as part of a fun introduction to data
during a mural-making workshop (Bhargava et al., 2016). Similarly, Huron et al. (2017) have
developed a method for a hands-on physicalization workshop that engages participants.
Physicalizations have also shown to assist novices in other areas, such as accessing their personal health data (Perovich, Cai, et al., 2021). Furthermore, a number of data physicalizations studies were conducted over the last decade that have shown additional benefits in aspects such as memorability of information and various data task performances (Dragicevic et
al., 2021).
The field has been researched across a number of different disciplines, most significantly as
part of computer science. While the amount of design-centric data physicalization research
has been growing steadily over the years, there are still many design-related research questions to be answered and elements to be analyzed. It is also important to highlight that
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many physicalization design works and artworks have been produced as part of data physicalization practice. A large number of the practical works can be found on the List of Physical
Visualizations and Related Artifacts (2021) webpage. This review will focus on scientific literature from across disciplines to assist with the advancement of the design-based research in
the field. As a result, the following research question guided our study:
What is the state-of-the-art research on design elements in data physicalization?
As part of our search for publications, we have encountered two systematic reviews relevant
to the field of data physicalization (Djavaherpour et al., 2021; Hogan & Hornecker, 2017).
Both reviews have included scientific publications as well as practical works in the field of
data representation. Hogan and Hornecker’s (2017) review focuses on the design space of a
wider, multisensory data representation area in addition to physical visualizations. The review of Djavaherpour et al. (2021) is more recent and focuses on data physicalization’s rendering and fabrication processes. As the number of publications in the physicalization field
has been growing in recent years, we believe it would be important to provide a contemporary systematic review of scientific publications about design elements in data physicalization to contribute to design-based research within the field.
Stronger presence of design research in the data physicalization field could potentially contribute to both new data representation ideas and possibilities, as well as unique qualitative
experiences for the audience. As Michael Hohl (2011) writes: “artistic methods in combination with design research methods may allow the visualisation of complex data in more
evocative ways.” Consequently, our goal is to contribute to greater accessibility to the field
for design and art researchers. This paper will begin by describing the methodology of collecting and analyzing the relevant scientific literature for review, continue with presenting
an overview and a selection of interesting findings of the analysis, and conclude with a discussion on the results.

2. Methodology
In order to identify both historical and contemporary publications in the physicalizations
field, we have begun our search for relevant sources by reviewing the keywords used in papers on the Bibliography—Data Physicalization Wiki (2021) website, an online resource dedicated to physicalization research and practice. After identifying possible keywords to use, we
have started our search for literature within the Scopus database.
The keywords were organized into four specific steps, with our first search focusing on combining keywords related to tactility such as tangible, haptic or embodied with keywords such
as data visualization, data representation and more. Secondly, we focused on keywords related to sensory experience such as multisensory, ambient, and multimodal perception that
were combined with the same data representation keywords as in the first search. In our
third search, the keyword data was grouped with both artistic terms such as sculpture and
art installation, as well as more technical terms of physical visualization and physicalization.
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Our final search focused on exact and fixed terms such as “data physicalization” and “data
sculpture” to identify relevant papers.
Our 4-step search within Scopus has yielded 4,892 sources that were further narrowed down
based on four selection criteria as detailed in Figure 1. For inclusion in the review, we have
considered peer-reviewed papers across different disciplines published until mid-2021. Artifacts in identified papers had to follow the previously established definition of a physicalization, and the publications had to focus explicitly on data representation and communication.
We have also established five exclusion criteria for artifacts that would not be included in
the review. Firstly, we have excluded traditional, two-dimensional visualizations on paper,
screens and other flat surfaces (Dragicevic et al., 2021), with notable exceptions including
walkable data visualizations in Rodighiero (2018) that trigger the relevant aspects of scale
and position in space. Secondly, we have excluded all immaterial data representations
through sound, vibrations and similar non-physical properties. These representations were
only included when they were paired with a relevant physical object. Hogan et al. (2017) distinguish between physicalizations and tactilizations, which use tactile stimulation such as vibrations to convey data. Thirdly, we have excluded physical objects used in haptic and tangible interaction technologies that do not encode data through their own geometry or material. As a fourth group, we have excluded physical artifacts that only showcase data on
screens through virtual or augmented reality without encoding part of the data themselves.
Finally, we have excluded all physical models that do not explicitly communicate data as part
of their form (Dragicevic et al., 2021; Jansen et al., 2013).
As detailed in Figure 1, the review is focused on papers with primary data about the physicalizations that include, for example, artifacts developed as part of research or examined
through a study, as well as publications where the object’s author described its design process. Theoretical papers, guidelines, and similar publications focusing on secondary data
about physicalizations were reviewed but not further analyzed. This has resulted in a total of
163 papers that were included in the literature review’s analysis of the design elements in
data physicalization. Including all 163 references of the sample would exceed the scope and
word limit of this conference paper, however the full list is available upon request.
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Figure 1 The Search Funnel

After identifying relevant papers for the literature review, each paper was analyzed based on
the principles of Grounded Theory (Wolfswinkel et al., 2013). Relevant excerpts from publications were first placed into a dedicated table for further analysis. Once the procedure was
finalized for all 163 papers, we have engaged in the analytical processes of open, axial and
selective coding (Wolfswinkel et al., 2013) by connecting threads between papers, arranging
them in sub-categories and structuring them into a larger system using a Notion table (Figure 2). The analytical coding process wasn’t linear, as categories and sub-categories morphed based on the progression of sources reviewed. The final categories are a result of the
grounded theory approach to the analysis. The coding process was completed through reviewing 163 papers three times by one coder. We will discuss the final structure of the literature review in more detail as part of the Results section.
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Figure 2 A work-in-progress table on design elements in Notion software

3. Results
We have divided the findings between two overarching categories: Conceptual design elements and Practical design elements. The first focus will be on Conceptual design elements,
which encompass topics of (a) Design Objective: Data Form or Property, Data Theme &
Topic, Design Purpose, and Researched Impact of Physicalizations, and (b) Aesthetics: Design
Metaphor.
The (a) Design Objective category of Data Form or Property provides an analysis of the forms
and properties of data that were used to make a physicalization, for example if the creators
have physicalized statistical data, audio recordings or categorical data. The second category
of Data Theme & Topic focuses on the subject matter that was presented in the physicalization’s data, for example a physicalization about population trends connects to the theme of
demography. Design Purpose category analyses the artifacts based on the functions they
serve and positions them as tools that can assist with the designated purpose, from education to social activism. Researched Impact of Physicalizations analyzes the results of papers
that have completed an evaluation of an artifact, for example a user study or experiment, to
find common themes and benefits. The (b) Aesthetics category of Design Metaphor analyses
the way that physicalizations have represented their data themes as part of the object’s design aesthetic, from abstract to literal representations.

6

Design elements in data physicalization: a systematic literature review

The second focus will be on the Practical design elements, which encompass topics of (a) Appearance: Geometry and Material, and (b) User experience: Interaction and Use of technology.
The (a) Appearance sub-topic of Geometry further divides into: Artifact Form & Shape, Artifact Scale and Data Encoding (Geometry), while sub-topic of Material divides into: Material
Type and Data Encoding (Material). The first category within the sub-topic of Geometry, Artifact Form & Shape, analyzes the shapes and forms used in physicalizations on a continuum
between geometric and organic shapes. Artifact Scale category distributes physicalizations
into groups based on their size, from small-scale objects to architectural-scale installations.
Data Encoding (Geometry) focuses on the ways that the data was encoded through the geometry of the artifacts, such as height or length. The first category within the sub-topic of
Material, Material Type, categorizes the materials used in production of physicalizations into
larger thematic groups, from plastic and paper to wood. Finally, Data Encoding (Material)
presents the way data was encoded through the material of the artifacts, such as surface
textures or flavors.
The (b) User Experience sub-topic of Interaction encompasses: Audience Sensory Interaction
and Artifact Interactivity, while the sub-topic of Use of Technology divides into categories of:
Analogue Artifacts and Technology-assisted Artifacts. Audience Sensory Interaction category
focuses on the way the viewers can interact with the physicalization through their senses,
from artifacts that are primarily designed to be looked at to data that can be tasted. Artifact
Interactivity category analyses the interactivity of the artifacts themselves, for example, if
they are static or if they can change their form or position in space as part of their design.
Finally, the categories of Analogue and Technology-assisted Artifacts divide physicalizations
based on employment of technology in their design.
The analysis structure is presented in Figure 3. As part of this conference paper, we will present a concise overview of the analysis due to the space limitations. We have included a full
overview of results for each category in Figures 14 and 15. The sources in the categories will
be expressed numerically because of the limitations in space.
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Figure 3 The analysis structure overview

3.1 Conceptual Design Elements
We will first showcase the results of the conceptual design elements analysis, structured between the larger categories of Design Objective and Aesthetics.
Design Objective
Data Form or Property — While there are many different data typologies based on various
areas of research, we have encountered one in the physicalization field developed by Djavaherpour et al. (2021) that includes both the form of data, such as image or statistics, as
well as the type of information they carry, such as geospatial data. As part of this category,
we will be focusing only on what data form or property was used as a starting point for production of a physicalization. For example, if the author physicalized statistical data, recorded
audio data or similar. A dataset used in the production of a physicalization can hold multiple
data forms or properties.
We have prepared two divisions of data forms or properties. The first is a broad separation
between Human-made data found in 123 sources and Natural / Organic data found in 66
sources. Human-made data is created through human activity and intervention such as statistics (Stusak & Aslan, 2014) or human impact on environment (Sauvé, Bakker, & Houben,
2020), while Natural / Organic data is observed in nature and organisms (including humans),
for example in weather patterns (Clark & Bailey, 1997).
The second division focuses on more specific data forms or properties used for artifact development. Unit or element quantity data is based on direct measurements of phenomena
and was identified in 86 papers. For example, in Häkkilä and Virtanen (2016) an artifact was
physicalized from the amount of sleeping hours of participants. Among other data forms or

8

Design elements in data physicalization: a systematic literature review

properties, we have also identified 45 papers with structural elements data, usually pertaining to creation of terrains (Tateosian et al., 2010) or architectural models (Fetterman et al.,
2014). The full categorization of the two divisions is presented in Figure 14.
Data Theme & Topic — As the next step of our review, we have analyzed the subject matter
and topics of datasets used in physicalizations and clustered them into larger conceptual
themes. As physicalizations can hold a variety of data, many of the artifacts hold multiple
data themes and topics. Additionally, some data topics might conceptually overlap and were
thus added to all relevant larger themes.
The most represented data theme found in 46 sources is focused on Personal Data of the
user or viewer. These findings follow the growing trend in popularity of self-tracking data
communication often referred to as ‘personal informatics’ or ‘quantified self’ (Dragicevic et
al., 2021). For example, in Khot et al. (2014) personal physical activity data was transformed
into 3D printed objects that communicated insights and progress to each participant, while
in Ju et al. (2019) a physicalization was employed to monitor personal reading habits of participants. Topics of Medical Sciences are found in 34 papers, such as a cardiac 3D print to understand congenital heart disease in Hadeed et al. (2018). The theme of Geoscience, Geography & Cartography is found in 33 papers as physicalizations are often in form of landscapes
(Anderson & Jones, 2020) or globes (Dadkhahfard et al., 2018). We have also identified additional themes such as Environmentalism & Climate Change (Von Ompteda, 2019), Sociology,
Demography & Psychology (Claes & Moere, 2015) and more. The complete list of data
themes is presented in Figure 14.
Design Purpose — We have encountered typologies on application of the data artifacts
(Djavaherpour et al., 2021), their representation intent (Hogan & Hornecker, 2017) as well as
motivations for their production (Dragicevic et al., 2021). While our typology generally aligns
with these found classifications, we wanted to focus on a more design-centric typology
based on concepts such as tools, products and displays that were designed to perform a specific function. The purpose of the artifact was analyzed based on the author’s intention, expected audience of the object, as well as the environment and context of usage in the paper.
One physicalization can have multiple functionalities, depending on its application.
Following the earlier theme of personal data, we have identified tools for tracking & communicating personal data in 39 papers that give insights to participants about their personal
information. For example, in Nissen and Bowers (2015) participants were given information
about their personal social media activity in form of 3D printed clips they could wear during
the conference. We have also encountered Tools for public informing / Public display in 29
sources that are often larger in size and communicate general information for a wider audience in public or semi-public spaces, such as levels of renewable energy in an office (Daniel
& Rivière, 2021) or on a university campus (Morais et al., 2021).
We have also identified 39 research tools that were produced with a function to assist in research of physicalizations, for example to try new production techniques (Allahverdi et al.,
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2018) or to test user reconfiguration strategies (Sauvé et al., 2021). Another interesting aspect is the use of physicalizations as tools for social activism found in 14 papers to bring attention to important topics. For example, in Rüst (2014) cakes holding statistics on women in
the IT sector were produced and sent to relevant organizations to draw attention to the issue of gender imbalance. The full division of sources based on their design purpose can be
found in Figure 4.

Figure 4 An overview of Design Purpose category results

Researched Impact of Physicalizations — As part of the literature review, we have also analyzed papers that have evaluated their physicalization designs in some form, for example
through user studies or experiments, to find common themes across their results regarding
the impact of physicalizations on audiences and revealed benefits.
The theme of artifacts assisting with understanding information through physicality was
identified in 37 papers. The theme focuses on papers where physicalizations were found to
assist viewers with grasping information in some way, for example, in Ang et al. (2019)
where an artifact of a human heart helped participants with depth perception of blood flow
data.
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Influence on user engagement or emotional resonance has been identified in 27 papers, for
example in Perovich, Cai, et al. (2021) where physicalizations fostered curiosity and enthusiasm in discovering health-related data. We have also noticed a theme of physicalizations enhancing aesthetic or hedonic experience of data communication in results of 20 papers which
we feel is especially relevant for design-based research. For example, in Daniel and Rivière
(2021) a shape-shifting physicalization has shown to have a sustained hedonic effect, with
the authors comparing the experience to watching fire burn or cloud shifting. The full list of
identified researched impacts of physicalizations can be found in Figure 5.

Figure 5 Researched Impact of Physicalizations results overview

Aesthetics
Design Metaphor — We have encountered models of metaphors in data sculptures based on
semiotics and metaphorical distances from data and reality (Zhao & Vande Moere, 2008), as
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well as models of how physicalizations relate to data they convey (Offenhuber, 2020). As
part of this review, we aimed to create a typology based specifically on design aesthetics by
analyzing the representation of the artifact’s data theme in its design. As Durkin et al. (2020)
write, all works of art can be placed on a continuum of abstraction between nonrepresentational and representational artworks. On one end of the spectrum is abstract art that represents objects or themes in a nondescript or distorted way (Witkin, 1983), and on the other
are figurative artworks that represent objects or themes literally (Kuloglu & Asasoglu, 2010).
Following this structure, we have placed the design metaphors used in physicalizations on
the visual arts continuum dividing them between three categories of abstract, associative
and literal design metaphors as presented in Figure 6.

Figure 6 Abstraction continuum in design metaphors of physicalizations

The most common type were abstract design metaphors found in 93 sources, as shown in
Figure 7, that do not represent the data themes as part of their aesthetics and could be used
for many different data physicalizations. For instance, square tokens used in Huron, Jansen,
et al. (2014) to represent monetary spending did not reflect the theme in their design and
could thus be potentially re-used to communicate other datasets. Associative metaphors
represent data themes indirectly and employ visual cues, hints or symbols about the theme
to associate the viewer. For example, Opromolla et al. (2016) used emoji-like illustrations
and color theory to associate viewers about specific emotions in their installation. Literal design metaphors represent data topics or themes in a direct way, for example by using images
or creating replicas and simulations. In Allahverdi et al. (2018) the geospatial theme is represented directly in form of a replica of a valley in Switzerland.
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Figure 7 Overview of Design Metaphor results

3.2. Practical Design Elements
In the second part of the results, we will focus on the practical design elements in physicalizations starting with the Appearance section divided into Geometry and Material and continuing with the User Experience section that encompasses Interaction and Use of Technology.
Appearance: Geometry
Artifact Form & Shape — While assessing the forms and shapes of physicalizations we have
devised a typology based on a continuum between geometric and organic shapes & forms as
seen in Figure 8. We have placed on one end of the continuum artifacts such as the geometric cuboids used in Stusak et al. (2016) and on the other organically shaped objects, such as
the molecular structures in Gillet et al. (2005). Hybrid or transitional shapes & forms were
conceptualized as the middle of the continuum and represent artifacts that are either on the
spectrum or incorporate both geometric and organic shapes as part of their design. For example, the artifact in Fens and Funk (2015) that combines geometric circular forms with organic shapes, or the artifact in Friske et al. (2020) that uses triangles and squares made from
yarn giving them a more transitional shape. Papers holding multiple physicalizations were
assessed based on each artifact, often including a couple of different codes. The three Artifact Form & Shape types were relatively evenly represented across our sources, as shown in
Figure 9.
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Figure 8 Continuum in Artifact Form & Shape

Figure 9 Artifact Form & Shape results overview

Artifact Scale — For analyzing the scale of physicalization artifacts, as shown in Figure 10, we
have further adapted López García & Hornecker’s (2021) typology that distinguishes between small scale artifacts that are usually held in hands (Clements et al., 2017), medium
scale physicalizations that are approximately furniture-sized (Gourlet & Dassé, 2017), large
scale artifacts that are assessed in comparison to average human body (Perovich, Cai, et al.,
2021), and finally architectural scale as the largest type (Aragón et al., 2021). In addition to
the four types, we have also identified ‘assembly’ scale of physicalizations that are comprised of individual pieces and can, as a result, change their size based on the number of
pieces used. For example, in Perovich, Wylie, et al. (2021) the authors have designed a physicalization comprised of individual small-scale colored cubes, each representing data, that together created an architectural-sized installation. These physicalizations are often what Le
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Goc et al. (2019) have identified as composite in their structure. Small-scale physicalizations
were most common in our review and found in 112 sources, with all the groups presented in
Figure 11.

Figure 10 Artifact scale categories as further adjusted from López García & Hornecker (2021)

Figure 11 Overview of Artifact Scale results
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Appearance: Material
Material Type — As part of the review, we have also analyzed materials used to produce the
physicalizations and grouped them into larger categories. Plastic was the most common material for production and identified in 49 sources often used as part of the 3D printing process, for example in the development of molecular models in Carroll and Blauch (2017).
Wood was another common material identified in 38 papers, such as the wooden sculptures
physicalizing the effects of the Californian draught in Han and Tiwari (2018). The analysis has
shown that physicalizations can be produced using a very diverse range of materials, from
paper (Schindler et al., 2020) and metal (Starrett et al., 2018) to fabric (Jefferies &
Thompson, 2017) and magnets (I. Lee & Kim, 2017). Full list of material types in artifacts can
be seen in Figure 15.
Data Encoding (Geometry & Material) — We were interested to analyze different ways that
physicalizations allow data encoding either through their geometry or material. We focused
on deliberate changes in the artifacts to represent data, such as their color, height or texture. Nearly every artifact we have encountered encodes data through a combination of geometric and material properties.
In terms of geometry, the most common way of encoding data is through the overall shape
or form of the artifact, which was identified in 106 papers. For example, a terrain model of
Cumbria developed in Priestnall et al. (2012) communicates information through the overall
shape of the land and its variances in height, width and length. Data can be also encoded
through employment of distinct shapes or forms within a physicalization, for example the
use of cubes and cones to afford easier differentiating of data in McGookin et al. (2010). We
have also identified 45 papers that prominently encode data through height, such as the dynamic bar chart in Taher et al. (2017). Furthermore, physicalizations in 25 sources communicate data through differences in scale of the artifacts, for instance in Khot et al. (2014)
where a frog sculpture would get bigger in size as participants exercised more.
In terms of encoding data through material the most common practice is color-coding, found
in 95 papers. For example, the use of colored cubes in Perovich, Wylie, et al. (2021) to represent different chemicals in the installation. We have also identified 31 papers where data
was either encoded through properties of different materials or surface textures. For example, in Fan et al. (2020) the authors have developed strong surface textures on cubes for
visually impaired persons to easily select different data through touch.
Additionally, we have also found 33 physicalizations whose position in space plays a more
prominent role in data encoding, often in comparison to other surrounding elements and
general location. For example, the architecural-scale physicalization in Marcus (2014) encodes part of the data along the installation’s length, which would provide an opportunity to
decode data based on its general location within the larger exhibition space. While this property is not always directly connected to the geometry or material of the artifact itself, we be-
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lieve it would be relevant to discuss as part of the data encoding section. The complete overview of different data encodings across geometry and materials of artifacts is summarized in
Figure 12.

Figure 12 Data Encoding (Geometry & Material) results overview

User Experience: Interaction
Audience Sensory Interaction — As physicalizations often allow multisensory experience of
data through their form or material, we have focused on identifying ways in which the audience can interact with the artifacts through their senses. Our typology generally follows the
combinations of sensory modalities presented in Hogan and Hornecker’s (2017) review.
However, while they have focused primarily on multisensory data interactions, we have also
included physicalizations that require only a single sense for interaction.
The majority of the sources reviewed (95) use both touch and vision for interaction with the
data artifacts. For example, in Desjardins and Tihanyi (2019) where the physicalization can
be inspected both visually through the differences in spike heights on ceramic cups, as well

17

Žarko Dumičić, Katja Thoring, Hermann W. Klöckner, Gesche Joost

as tangibly through touching the resulting surface texture. We have also found an interesting
aspect to sensory interaction in 2 papers that use a combination of visual and kinesthetic interaction for data communication. For example, while the data is encoded in visual and
physical properties of the physicalization in Hurtienne et al. (2020), it is only revealed to the
participant through the kinesthetic experience of riding the exhibited bicycle. Hogan and
Hornecker (2017) discuss that gaining data insights through experiences has the potential to
be an important future step in data representation. We have also found 7 papers that were
primarily tactile, almost in all cases accessibility aids for blind or visually impaired persons
(Engel et al., 2021). The full division of sources can be seen in Figure 15.
Artifact Interactivity — In addition to sensory interactions of the audience with the artifacts,
we have also analyzed the interactivity of the artifacts themselves. We have broadly based
our typology on the overview of actuation technologies in Dragicevic et al. (2021), and identified artifacts that change in shape or form, change in color, change in position in space, or
that are non-interactive / static. While most of the identified interactive artifacts are technology-assisted, we have also included physicalizations that allow manual changes and configurations.
Most of the physicalizations that we have analyzed in the review, a total of 76 sources, have
been static / non-interactive, such as a metal ring developed in Rezaeian and Donovan
(2014) based on personal DNA data. Majority of the interactive artifacts (58) changed in
shape or form, such as the installation in Rydarowski et al. (2008) that created different
patterns based on the environment-produced sounds. The complete distribution of sources
is presented in Figure 15.
User Experience: Use of Technology
Use of Technology — As part of the last analysis, we have focused on the use of technology
in the finished artifacts, as seen in Figure 13. We have identified 96 sources with analogue
artifacts that do not use technology as part of their finished design, such as the human anatomy models in Bourke (2015). 76 sources use a variety of technologies. For example, Velikov
et al. (2014) use sensors and microprocessors as part of an interactive installation that
communicates remote environmental data.
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Figure 13 Overview of Use of Technology results

Additionally, we have also included in Figures 14 and 15 an overview of all conceptual and
practical design elements in physicalizations:

Figure 14 Conceptual Elements Overview
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Figure 15 Practical Elements Overview

4. Discussion
As part of the discussion, we have prepared a qualitative analysis of the previous work in the
field. Due to the space limitation of the paper, we have included a selection of insights that
we have found interesting and relevant for design-based research and divided them into 5
larger sections.
Choice of physicalization’s size requires consideration of its purpose and intended interaction.
Large physicalizations elicit impressiveness but require effort for interaction and legibility.
López García and Hornecker (2021) have found that the large physicalizations are viewed as
impressive and attention grabbing, but that participants had trouble with the data overview
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and comparison, as well as interaction, due to their size. The authors recommend using the
impressiveness of large size to help the wider public understand data of large magnitudes in
relation to their own bodies (López García & Hornecker, 2021). Djavaherpour et al. (2021)
also discuss that the choice of scale strongly influences interaction, with room-sized installations requiring viewers to physically move around the artifact.
Larger sizes of artifacts foster shared data experiences & discussions in communities.
Physicalizations of larger sizes (medium to architectural) correlate to communal, shared experiences of data that provide a place for people to gather and discuss relevant topics
(Aragón et al., 2021; Claes & Moere, 2015; Daniel et al., 2019; Keefe et al., 2018; Moretti &
Mattozzi, 2020; Perovich, Cai, et al., 2021; Perovich, Wylie, et al., 2021; Regan et al., 2015;
Rodighiero, 2018; Sauvé, Bakker, & Houben, 2020; Sosa et al., 2018). Small physicalizations,
on the other hand, are hard to share in a group setting (López García & Hornecker, 2021).
Use of abstraction in design of personal data physicalizations also provides function, rather than just aesthetics.
Abstract design in personal data physicalizations provides privacy.
Abstraction in design of physicalizations with personal information keeps the data private
and prevents sharing information to onlookers, which has been an important aspect to the
design of such artifacts (Botros et al., 2016; Khot et al., 2016; M.-H. Lee et al., 2015; Panagiotidou et al., 2020; Sauvé, Bakker, & Houben, 2020; Sauvé, Bakker, Marquardt, et al., 2020;
Sauvé et al., 2017; Stusak et al., 2014).
Inquisitiveness about the meaning of abstract designs in personal data physicalizations fosters engagement & reflection.
Abstract design in physicalizations of personal data entices the viewers to discover their
meaning, supporting processes such as engagement with the objects as well as reflection
(Karyda et al., 2021; Khot et al., 2014, 2016; M.-H. Lee et al., 2015; Menheere et al., 2021;
Nissen & Bowers, 2015). Dragicevic et al. (2021) also discuss that abstract artifacts tend to
support reflection in users.
Senses other than sight are not as direct in data communication but provide a qualitative
experience of information.
Taste and smell of materials assist with data storytelling.
Wang et al. (2016) argue that communicating data through taste and smell of food carries
subtle and intangible attributes, such as emotions and cultural cues, that tell data stories
and provide a wider understanding of information through association. Hogan and
Hornecker (2017) also discuss that combining the more imprecise senses of smell or taste
with traditional data representations could provide a more holistic experience of data.
Surprise in weight of artifacts makes people pay attention, otherwise it may be overlooked.
Stusak et al. (2016) write that the reason the participants in their study did not notice the
weight of the artifacts as part of data communication process was likely due to the objects
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having expected weight based on visual assessment. They discuss that breaking these expectations could help highlight data points, however with limited scalability.
Textures and tactility of data points in personal data physicalizations assist with storytelling
and recollection of experiences.
Anderson and Jones (2020) have noticed in their study that participants touched relevant
parts of their physicalizations or traced routes while sharing personal anecdotes or stories
about the terrain. Desjardins and Tihanyi (2019) discuss that textures of personal data points
in their ceramic cup designs might trigger memories, reflection or interpretation of
information.
Use of unconventional materials for data representation fosters engagement.
Use of living matter to communicate personal data encourages emotional engagement
through compassion.
Communicating personal activity data through the growth and development of a living plant
display has shown to elicit feelings such as pride, guilt or affection in participants (Botros et
al., 2016; Holstius et al., 2004; Kuribayashi & Wakita, 2006). Alistar & Pevere (2020) argue
that living matter as an interface, in their case bacteria, supports relatability in people due to
the shared experience of being alive.
Using food or drink to represent data engages participants through fun and playfulness.
From data in form of fountains of flavored liquids, chocolate treats to cheese plates, using
refreshments to represent information creates an atmosphere of fun and enjoyment that
engages the participants (Khot, Aggarwal, et al., 2017; Khot et al., 2015; Wang et al., 2016).
Playful or pleasurable data representations tend to foster engagement (Dragicevic et al.,
2021).
Embodying data through one’s own body supports identification with the information resulting in higher engagement.
In ‘Be the data’ study, Chen et al. (2018) have used participants themselves to embody different data points, which resulted in their close identification with data values they were
representing, showcasing a high level of engagement with the task.
Inclusion of participants in production of their own personal data physicalizations creates
meaningful bonds between the maker and the artifact.
The inclusion of users in production of personal data artifacts encourages reflection as it requires data consideration and decision-making in their design.
Collecting personal data and deciding on how to use them, as well as designing and making
the personal data objects encourages contemplation about the data and fosters reflection in
users (Friske et al., 2020; Nissen & Bowers, 2015; Panagiotidou et al., 2020; Perin, 2021;
Thudt et al., 2018), which connects to themes in constructive visualizations research (Huron,
Carpendale, et al., 2014). The production process of the artifacts also provides more time for
users to reflect (Khot, Stusak, et al., 2017). Furthermore, making physicalizations in group
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settings supports collaborative attitudes as well as reflection in participants, which can assist
with further understanding of data (Dragicevic et al., 2021).
Self-producing personal data physicalizations allows for personalization in design of the artifact, adding value for the maker.
Personalization of personal data artifacts through self-production allows for creation of additional value in the object for the maker (Nissen & Bowers, 2015; Panagiotidou et al., 2020;
Swaminathan et al., 2014), as well as a sense of uniqueness and ownership of the artifact
(Khot, Aggarwal, et al., 2017; Khot et al., 2014; M.-H. Lee et al., 2015; Thudt et al., 2018;
Torres & Paulos, 2015). The added meaning through production differentiates the created
artifact for the user from other, mass-produced, objects (Dragicevic et al., 2021).
Making artifacts of personal data encourages user engagement, but the interest in production fades over time.
Positive emotions such as excitement, pride or curiosity when producing personal data physicalizations support user engagement with the artifacts (Khot, Aggarwal, et al., 2017; Khot et
al., 2015; M.-H. Lee et al., 2015; Moretti & Mattozzi, 2020; Thudt et al., 2018). However,
studies have also shown that the initial enthusiasm of production fades over time and becomes less exciting (Khot et al., 2014; M.-H. Lee et al., 2015).

5. Conclusion
This paper introduces a systematic literature review of the design elements in data physicalization. We have identified 163 papers with primary data that were further analyzed. As part
of the analysis, the design elements were divided into two broad categories: Conceptual and
Practical. Conceptual design elements were further separated between Design Purpose and
Aesthetics, while Practical design elements were divided between Appearance and User Experience.
The systematic literature review has focused on physicalizations developed as part of scientific publications, while artifacts developed in practice were not included. Furthermore, the
coding process of the papers has been completed by one coder, which might influence the
thematic analysis. Due to the space limitations of the conference paper the overall analysis
was presented in a shortened form, focusing on the most significant aspects of the review.
Consequently, as part of future work we plan on presenting findings on additional aspects to
the systematic review such as the cross-analyses of the categories as well as the comparison
of findings to other relevant data representation fields.
As a fast evolving and interdisciplinary field, data physicalization represents a particularly exciting research area for design researchers and we hope this review will contribute to the
further development of design-based work in the field.
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